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ABSTRACT

System requirements for integrating airborne, ground-based, and
space-based systems devoted to enhanced air traffic management were
defined. The time frame of interest is well beyond the normal range of
existing programs and activities, focusing on air transport operations near
the end of the first quarter of the next century (c. 2025). It was assumed that
a full range of navigation aids, advanced sensors, and parallel-processor
computers consistent with the then-current state-of-the-art would be avail-
able for use in the National Airspace System. A central purpose was to iden-
tify targets for the evolutionary development of integrated aitborne, ground-
based, and space-based flight/traffic management systems that maximize the
efficient use of airspace while retaining a high level of safety for all-weather
aircraft operations.

The period of performance for this contract was July 15, 1992 to July 14,
1996.
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1. STATEMENT OF THE PROBLEM

1.1  Advanced Air Traffic Management: The Intelligent
Aircraft/Airspace System

Today’s air traffic management system has been shaped by the evolu-
tion of equipment for computation, communications, surveillance, and navi-
gation, and that trend will continue. In the near term, systems for collision
avoidance, satellite-based navigation and communications, and on-board
flight management provide modern airliners with new capabilities. A perfect
air traffic management system unfettered by cost and political constraints
would allow unimpeded air travel for passengers and freight on demand,
with zero delays, complete safety, minimal fuel use, and low environmental
impact, all of this occurring in any weather. It would be totally transparent
to aircraft operating personnel while providing adequate safeguards for air
traffic managers. It would be an Intelligent Aircraft/Airspace System
(IAAS), in which potentially conflicting needs for autonomous vehicle
operation, assured separation, and seamless terminal operations are satisfied
by shared knowledge, massive computational support, cooperative control,
and failure-tolerant systems.

Two tasks were addressed. The first was an assessment of technology
relevant to an Intelligent Aircraft/Airspace System that could be imple-
mented several decades hence, with particular emphasis on the integration of
airborne, ground-based, and space-based systems. The second took a more
general look at alternative structures for intelligent control and estimation
for large-scale systems.

Generic technologies for sensing, computing, and communication
were examined, with the goal of establishing baselines for this program.
Three scenarios included a baseline reflecting the most likely evolution of
technology, bracketed by higher and lower scenarios that account for uncer-
tainties in development. Where appropriate, alternatives for solving par-
ticular problems in hazard alert, navigation, communication, and surveil-
lance were identified, and the consequences of adopting each approach were
noted. Special attention was paid to areas in which airborne and ground-
based capabilities are likely to overlap.

Methods for acquiring, integrating, and using knowledge provided by
both airborne and ground-based measurements were developed, with the
goal of supporting decisions made in the air and on the ground. Emphasis
was placed on producing concepts for air traffic management and control
that are both adaptive and robust. To this end, a theoretical basis for the



IAAS was identified by incorporating principles of artificial intelligence and
control theory. This concept is called Air Traffic Management as Principled
Negotiation Between Intelligent Agents.

1.2 Wake Vortex Encounter

Research was conducted on the dynamics and control of following-
aircraft response to leading-aircraft wake vortices. Aerodynamic models for
subsonic jet aircraft exposed to vortical flows were developed, concentrat-
ing on the resultant forces and moments arising from vortical wind velocity
distributions. Hazard-factor metrics that characterize envelopes for safe
flight, assuming normal piloting actions, were identified. ~Methods for
designing feedback control logic that uses available control power to mini-
mize the disturbance to the following aircraft's flight path were derived



2. SUMMARY OF RESULTS

21 Advanced Air Traffic Management: The Intelligent
Aircraft/Airspace System

Principled negotiation coordinates the actions of agents with different
interests, allowing distributed optimization. In principled negotiation, agents
search for and propose options for mutual gain. If the other agents agree to
the proposal, it is implemented. Under certain conditions, an agent can
search for options for individual gain without impacting other agents. In
these cases, the agent can negotiate with a coordinator, rather than obtain
agreement from all other agents. Principled negotiation allows agents to
search options that would not be available otherwise, improving the utility
function of all agents. Applied to air traffic operations, principled negotia-
tion allows much greater freedom for optimization by system users while
maintaining safety.

The ground-based air traffic control (ATC) system was created to
ensure the safety of flights operating in controlled airspace. Aircraft are
separated by a combination of procedures and tactical maneuvering instruc-
tions. As air traffic has grown, the ATC system has increasingly depended
on computer systems. Computers now not only process radar and flight plan
data, but also help controllers to manage flow, avert conflicts, and maneuver
traffic.

Today's ATC system has many problems that are characteristic of tra-
ditional control systems for large-scale industrial systems. To manage the
growing amount of air traffic, ATC computer systems are becoming more
complex, increasing expense and making new systems more difficult to
introduce. In addition, the aircraft/airspace system is not responsive to the
desires of users (aircraft and operators). The procedures and actions of the
ATC system prevent users from dynamically optimizing their operations and
causes many hours of delays.

Distributed artificial intelligence deals with small, simple systems
working cooperatively to better control large-scale systems. In multi-agent
systems, each agent has its own goals, and it must anticipate the actions of
other agents and coordinate actions to meet these goals. The air-
craft/airspace system is a collection of agents, each with its own goals and
interests. Agents include aircraft, operators, and traffic management agents.
Each agent makes decisions and takes actions that affect the air traffic proc-
ess. Their actions interact because aircraft must stay safely separated. Until
recently, only the ATC system had sufficient data (on traffic, flight plans,



and the weather) and sufficient computing power to analyze the situation.
Now, airlines and aircraft also have powerful computer systems, and they
can access large amounts of data from their own sensors and through high-
bandwidth communications. They are also capable of making declarative
decisions regarding the traffic situation.

None of the existing coordination methods solve the problems of the
aircraft/airspace system. Centralized coordination schemes do not improve
the ability of each agent to optimize its own operations. The game-theoretic
approach allows better optimization at the expense of poorer coordination.
In an AAS, good coordination is critical to avoid accidents. A new method
of coordination is required that ensures safety, provides agents with greater
freedom to optimize, and overcomes the problems of today's air-
craft/airspace system.

The compatibility of the agents' actions can be assured if their actions
are defined by a plan that is either explicitly agreed upon by all agents or
checked by a coordinating agent. If agents can continually amend the plan,
they can dynamically optimize their operations. Such a coordination method
must ensure that no agent changes the plan in a way that adversely affects
other agents or creates conflicts. If agents want to make conflicting changes
to the plan, the method must fairly resolve the differences. Principled nego-
tiation between agents is proposed for this purpose.

The principal publications and presentations related to this task are [1]
to [12].

2.2 Wake Vortex Encounter

Wake vortices are an outgrowth of the aerodynamic production of lift.
The bound vorticity that surrounds the wing is shed principally at the
wingtips or at the outboard corners of high-lift devices, producing counter-
rotating eddies that persist in the wake of the aircraft. The maximum tan-
gential velocity of each vortex may reach several hundred feet per sec, while
the radius from the vortex core to the maximum is on the order of the tip
chord length. The strength of wake vortices is proportional to the generated
lift and, therefore, to the weight of the aircraft. Thus, the vortical flow pro-
duced by a large aircraft presents a serious hazard to smaller aircraft that
may fly into the wake. The hazard is most severe on takeoff and landing,

where vorticity is intensified by the slow speed of the aircraft and where air-
craft tend to fly along the same path.



The hazard is reduced by increasing the spacing between aircraft. The
trailing-vortex cores initially are a span-length apart, typically shrinking to
steady-state spacing of about two-thirds of the span. Because the cross-axis
dimensions of the disturbance field produced by the vortex pair are relatively
small, the encounter hazard becomes negligible if the trailing aircraft main-
tains lateral or vertical spacing of a few span lengths from the trailing vortex
field. Of course, the vortices convect with the wind, so there is uncertainty
about their actual location relative to the generating aircraft’s flight path.
Vorticity dissipates over time, so the hazard is diminished by increasing lon-
gitudinal separation. In one phase of our research, the relative hazards of
encounters between 125 aircraft types were assessed on the basis of aircraft
weight, rolling moment of inertia, airspeed, and other configuration features.
Whereas present separation standards are based on aircraft weight alone, a
still-simple but scientifically more accurate basis for separation was pro-
posed.

While avoidance is the best way of eliminating the problem, inad-
vertent encounters may occur, so it is of interest to define control strategies
for the following aircraft that minimize the hazard. An aircraft control law,
developed using dynamic inversion of the full, nonlinear equations of
motion, was developed to reduce the hazard of a wake vortex encounter.
Time-scale decomposition simplifies the mathematical complexity of the
development, and the wake vortex effects on aircraft acrodynamics were
simulated via strip theory.

The full nonlinear equations of aircraft motion were inverted, giving
equations that express the control surface deflections as functions of the
desired aircraft state. The inversion process is simplified by use of time-
scale decomposition, wherein slowly evolving state elements, such as air-
speed or roll angle, are controlled through the faster state elements, in this
case the angular rates p, q, and r. The angular rates must evolve quickly
enough that they can be considered constant relative to the time-scale of the
slow elements’ evolution, and the direct effects of ailerons, rudder, and ele-
vator on the slower elements must be assumed to be negligible.

With four control elements -- thrust setting, ailerons, elevator, and
rudder -- four slow state elements can be commanded. This controller com-
mands airspeed, flight-path angle, heading angle, and roll angle, a useful set
for the approach-to-landing maneuver. Expressing the four commanded
elements as functions of thrust, p, g, and r, the inverse of the slow-time sys-
tem is generated, and the angular rates necessary for achieving the command
values are determined. Inverting the equations for the angular rates gener-
ates expressions for the necessary control surface deflections.



The controller is evaluated by simulating an approach to landing, with
a wake vortex directly in the desired flight path. The encounter geometry is
such that the airplane descends into the wake vortex pair from above and
outside, at small relative flight path and yaw angles. The initial effect of this
geometry is a roll away from the vortex core. Should the plane penetrate
into the core, it experiences a sudden, rapid roll into the downwash region
between the two vortices. Without closed-loop control, the plane is thrown
irretrievably off course. Rapid recognition of this effect, combined with the
ability to make full use of the control surfaces available, allows the
controlled craft to regain its flight path and to continue its approach.
Simulated results demonstrate the ability of the nonlinear-inverse-dynamic
controller to reduce the hazardous consequences of a wake-vortex encounter.

The principal publications and presentations related to this task are
[13] to [16].
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3. INVENTIONS

No patents have been awarded or filed. Software programs incidental
to the conduct of research were written. These programs were intended for
the use of the researchers in deriving specific results. The programs are not
documented for more general use.



